In the last decade Cryptosporidium spp. has been recognized as one of the most common causes of acute self-limiting gastroenteritis caused by a protozoan parasite in immunocompetent people. Infection in the immunocompetent has been described in 26 countries, with a reported prevalence of 0.6-20% in western countries and 4-20% in developing countries-.
In the immunocompromised, such as those with acquired immune deficiency syndrome (AIDS),cryptosporidiosis is a common and life-threatening condition causing profuse intractable diarrhoea with severe dehydration, malabsorption and wasting, and documented spread to other organs-and, in AIDS patients, has a prevalence of 3-4% in the USA and >50% in certain areas of Africa and Haiti'. In 1988, 3397 cases were recorded by the Communicable Diseases Surveillance Centres in the UK (2852 in England, Wales and N Ireland; 545 in Scotland).
Six species of the genus Cryptosporidium are known, C. parvum and C. muris infect mammals, C. baileyi and C. meleagridis infect birds, C. serpentis infect reptiles and C. nasorum infect fish. C. parvum is the major species responsible for clinical disease in man and domestic animals", Person to person transmission, transmission from other mammals to man (anthropozoonosis), from man to other animals (zooanthroponosis), waterborne and airborne transmission have been documented. Cryptosporidium completes its life cycle within a single host and transmission is via the oocyst excreted in the faeces of the infected host. Over 10 8 oocysts can be excreted daily in human faeces, and infected calves can excrete up to 10 10 oocysts daily for up to 14 days". The broad host range exemplified by C. parvum, and the high output of infective oocysts from numerous mammalian hosts ensure a high level of environmental contamination; and oocysts from humans, present in sewage discharges, or from livestock, present in agricultural run-off and muck in a watershed will contribute to the level of waterborne oocysts.
Three features of the life cycle of C. parvum enhance the likelihood of its waterborne transmission to man. Firstly, C. parvum is responsible for diarrhoeal disease in mammals including man, enhancing the likelihood of zoonotic transmission, secondly, the lifecycle is completed within one host, and autoinfection occurs within this monoxenous life cycle ensuring that large numbers of infective oocysts are excreted in faeces, and thirdly, oocysts are environmentally robust.
C. parvum oocysts are small (4-6/tm) , thick walled and can survive, under experimental conditions, for up to 18 months in isotonic solutions at 4°C (D A Blewett, personal communication), which indicates the likelihood of prolonged survival in the aquatic environment. However, oocysts are unable to survive freezing. The risk to humans from ingesting small numbers of viable oocysts is unknown, although as for other protozoa parasitic in the gastrointestinal tract of man, the minimum infective dose may be small; 100 oocysts produced infection in 22% of mice", whereas 10 oocysts produced infection in two out of two infant primates tested",
Waterborne transmission
In the last 10 years, the importance of waterborne transmission of cryptosporidiosis has been accepted worldwide. Five outbreaks of waterborne cryptosporidiosis have been documented", and in one an estimated 13 000 persons were affected, indicating the large numbers of consumers at risk of contracting disease from contaminated potable water. In two of the outbreaks, post-treatment contamination was assumed to be the cause, but two outbreaks have occurred when water treatment works produced final water which met the accepted standards of water quality for that country". In two of the documented outbreaks, anthropozoonotic transmission from slurry or muck spreading has been tentatively suggested. Oocysts can gain access into potable water systems by a variety of routes, and documented waterborne outbreaks have demonstrated that they can cause infection following the consumption of filtered chlorinated water, indicating that they can pass through filtration systems currently in use and are insensitive to the standard chlorination regimes used in the water industry. Up to 16000 mg/l of free chlorine were necessary to reduce the in vitro excystation of human-derived oocysts to zero", That oocysts can be detected in chlorinated final water in the absence of bacteria such as Escherichia coli, which is often used as an indicator organism of faecal contamination by the water industry, is of concern, and points to the fact that conventional bacterial indicator organisms will be of little use to the water industry as indicators of parasitic protozoan contamination. Although oocysts are excreted in large numbers by infected mammals, their dilution and settlement in bodies of water, and their incomplete removal by water treatment processes indicate that oocysts normally occur in low numbers in potable water". The method used to isolate and identify them is tedious and time consuming's!", and it underestimates oocyst numbers, having a recovery efficiency of between 9 and 66%1l. Up to 500 litres are filtered through a cartridge filter with a l/tm nominal pore size, the retentate being eluted and concentrated to a minimal volume which is analysed microscopically. Because of the presence of similar sized interfering debris, the microscopic identification of oocysts in water samples by bright field or Nomarski microscopy is difficult and fluorescein labelled monoclonal antibodies (Mabs), which recognize epitopes on the oocyst surface thus aiding oocyst identification whilst defining oocyst morphometries, have been developed 12 • 13 • The likelihood of detecting oocysts using the fluorescent Mab is higher than when using either bright field or Nomarski microscopy. Unfortunately, currently available Mabs are incapable of differentiating between Cryptosporidium species, therefore oocysts from species other than C. parvum, including those excreted by birds and fish, which may not be infective to man, are also detected.
Current European legislation decrees that both potable and bottled water should be free of parasites, however, as there is no recommended method for the isolation and detection of oocysts, inconsistencies in reporting will arise. Inevitably, analysis by bright field microscopy will result in the detection offewer organisms than analysis by fluorescence microscopy, and until a standard method is accepted, the reported absence of organisms from a water sample will be a function of the detection method utilized. A tentative standard method for the isolation and identification of oocysts in water has been devised for the UK water utilitiea'".
Occurrence in the environment
Oocysts have been detected in wastewater (range 3.3-20000/1), surface water receiving agricultural or wastewater discharges (range 0.006-2.5/1), pristine surface water (0.02-0.0811), drinking water (0.006-4.811) and recreational water (0.66-50011)7. Detecting oocysts in potable water does not necessarily mean that the consumer is at risk as neither the species nor the viability of such oocysts is known. In addition, the relationship between the presence and numbers of viable oocysts in a water supply and clinical disease in a community will vary. Low level contamination may contribute to either an endemic level of disease in the exposed population, the induction of actively acquired protective herd immunity or both.
In order to assess the impact of waterborne oocysts on human cryptosporidiosis, further nationwide studies on their occurrence in raw waters for abstraction and potable waters are being undertaken. In one Scottish study, performed over a 12-month period, peaks in the occurrence of oocysts in both surface water for abstraction and treated potable water were observed in winter, spring and summer, and in three instances, simultaneous peaks in both raw and potable water were observed. In such instances, the number of oocysts detected in treated water was always less than the number detected in raw waters. These results consolidate the concept that water treatment processes are capable of removing a percentage of oocysts and that the proportion which penetrate the system is dependent, not only on the design and operation of the treatment processes, but also upon the number of oocysts challenging the filters, derived, in part, from oocysts present in the raw water used for abstraction. Whereas the increases in oocyst numbers in raw water during the winter and spring may have been partly due to a contribution from livestock and feral animals, which are more likely to suffer disease at this time of year; the reasons for the summer peaks are not, at present, known.
Oocyst viability
In the absence of methods for differentiating between living and dead sporozoites contained within the oocyst, currently each oocyst detected in water is regarded as being viable, and hence potentially infective to man. Therefore, an assay for differentiating a viable from a non-viable oocyst will be of great advantage to the water industry, when assessing the risk of contracting waterborne cryptosporidiosis. No data have been forthcoming on methods for assessing whether sporozoites within an individual oocyst are alive or dead, or whether such sporozoites are capable of excystation. Recently, fluorogenic viability assays have been developed for individual Giardia intestinalis cysts 15 ,16 . The experience gained with G. intestinalis cysts in the author's laboratory has enabled the development of two assays, which define the in vitro excystation of sporozoites from individual oocysts, based on the inclusion/exclusion of two fluorogenic vital dyes excited at different wavelengths. In one assay, the inclusion of the vital dye into excysting oocysts highlights the sporozoites, whereas in the other excysted oocysts are recognized by the presence of the oocyst wall, the residual body and the absence of sporozoites. Both assays can be used simultaneously, and visualized using the appropriate excitation and emission filters for the respective fluorogen. These assays have been developed in conjunction with a fluorescent Mab, NO, not determined and will enable the simultaneous assessment of morphometries and viability, and the identification of oocyst inclusions such as sporozoites and residual body, to be undertaken on individual oocysts. The development of similar assays, which not only define the ability of sporozoites to excyst and hence viability, but also highlight morphological features typical of C. paruum oocysts are being developed. A range of such vital and non-vital dyes appears in Table 1 .
Future trends
Because outbreaks of waterborne cryptosporidiosis have been associated with conventional water treatment systems, further work will be directed towards engineering and operational procedures which reduce the load of oocysts on filters (eg better coagulation and monitoring of oocysts, especially in high risk samples) and the identification of effective oocysticides. In addition, efforts will be concentrated upon improving the current methodology, the development of rapid isolation and detection methods, the specific identification of C. parvum oocysts at the molecular level, the definition of the minimum infective dose, the viability of oocysts in the environment and the assessment of virulence.
